In this report, we present the concentrations of dissolved rare earth elements (REEs) in pore fluids recovered during International Ocean Discovery Program (IODP) Expeditions 334 and 344 from the active margin of Costa Rica. We measured dissolved REEs at three sites on the Costa Rica margin: Sites U1378/U1380 on middle slope of the continental margin and Sites U1381 and U1414 on the incoming Cocos plate. Pore fluids recovered from these cores were filtered and acidified after sampling and stored until the dissolved REEs could be measured directly using an automated chromatography preconcentration system attached to an inductively coupled plasma-mass spectrometer at Oregon State University. At Sites U1378/U1380 on the continental slope, the measured REE concentrations in the pore fluid were variable in the upper 200 meters below seafloor (mbsf), ranging from 9 to 162 pM, 24 to 120 pM, and 29 to 145 pM for La, Dy, and Yb, respectively, representing the light, middle, and heavy REEs. Deeper than 200 mbsf at Sites U1378/U1380, measured concentrations decreased from 100 to 17 pM, 10 to 4 pM, and 50 to 10 pM for La, Dy, and Yb. At Site U1381 on the incoming Cocos plate, measured concentrations peaked at 192 (La), 43 (Dy), and 74 pM (Yb) at 20 mbsf. Deeper than 80 mbsf, measured concentrations increase, particularly for the light and middle REEs, with averages of 273 (La), 38 (Dy), and 26 pM (Yb). At the second site on the incoming plate, Site U1414, measured REE concentrations peak in the upper 75 mbsf and return to relatively constant values deeper than 75 mbsf. Peak concentrations of 834 (La), 223 (Dy), and 207 pM (Yb) are followed by average concentrations of ~25 (La), ~10 (Dy), and 20 pM (Yb) deeper than 75 mbsf. Dissolved REE concentrations in the pore fluids were normalized to Post-Archean Australian Shale (PAAS) to evaluate relative abundances of light, middle, and heavy REEs. For all three sites, normalized concentrations show a greater abundance of heavy REEs relative to light and middle REEs. The trend for this greater relative abundance of heavy REEs is greatest for the upper portion of the sediment and becomes less pronounced downcore.
Introduction
The objective of the Costa Rica Seismogenesis Project (CRISP) undertaken by Expeditions 334 and 344 was to understand the pro-cesses controlling fault zone behavior during earthquake nucleation and rupture propagation at erosional subduction zones. Offshore Costa Rica, the erosional subduction zone is formed by the incoming oceanic Cocos plate subducting under the Caribbean plate. The CRISP study area is located offshore the Osa Peninsula, an area characterized by low sediment supply, fast convergence rates, abundant plate interface seismicity, and variable relief of the subducting plate along strike (see the Expedition 344 summary chapter [Harris et al., 2013a] ). An important component to evaluating processes occurring at erosional subduction zones is the geochemical characterization of the interstitial pore fluids, which may yield insights to the changes in fluid-rock interactions occurring in the depths of seismogenesis. Additionally, important feedback mechanisms exist between chemical reactions in the sediments and the hydrologic characteristics of the sediments including porosity, permeability, and fluid pressure, which in turn influence the mechanical state of the plate interface at depth.
Rare earth elements (REEs) provide one tool to characterize the geochemistry of the interstitial pore fluids. REEs are categorized as the 14 naturally occurring members of the lanthanide series that share the same valence electron shell and thus display similar group chemical properties and characteristics. Importantly, however, REEs differentiate subtly in chemical reactivity as the ionic radius contracts with increasing atomic number. This slight differentiation leads to consistent and predictable fractions between the informally designated light (La to Nd), middle (Sm to Dy), and heavy (Ho to Lu) REEs during physical, chemical, and biological processes (Byrne and Li, 1995; Byrne and Sholkovitz, 1996; Elderfield and Greaves, 1982) . To evaluate these relative fractionations among REEs, the standard practice is to normalize the concentrations to a reference material. For oceanic studies, the majority of REEs are sourced from continental weathering and delivery by river systems; therefore, Post-Archean Australian Shale (PAAS) is often used as the reference material (Elderfield et al., 1990; Pourmand et al., 2012; Sholkovitz et al., 1999; Taylor et al., 1981) . Normalized to PAAS, dissolved oceanic REEs generally display enrichment of heavy REEs relative to middle and light REEs (e.g., De Baar et al., 1985; Elderfield and Greaves, 1982; Sholkovitz et al., 1994) . This signature develops through the greater affinity of light REEs to adsorb onto marine particles and the stronger complexation of heavy REEs to dissolved carbonate, silicate, or dissolved organic compounds (e.g., Akagi, 2013; Bau and Koschinsky, 2009; Byrne and Kim, 1990; Byrne and Li, 1995) . Additionally, whereas dissolved REEs exist dominantly in a +3 oxidation state, cerium (Ce) can be oxidized through microbial activity to a +4 state that is more particle reactive, thus removing Ce from solution at a greater rate and creating a negative Ce anomaly relative to its neighboring REEs (e.g., Bau and Koschinsky, 2009; Moffett, 1990; Sholkovitz and Schneider, 1991) . Europium (Eu) may also exist in a reduced +2 oxidation state, though this state is typically only observed in high-temperature reducing conditions such as those found at hydrothermal vents (e.g., Elderfield, 1988; Klinkhammer et al., 1983) .
In marine pore fluids, the signatures of dissolved REEs have been documented and associated with various diagenetic reactions in the sediments, although understanding the diagenetic cycling of REEs is still incomplete (e.g., Abbott et al., 2015; Haley et al., 2004; Kim et al., 2012; Sholkovitz et al., 1989) . In the oxic zone of the sediments, pore fluid REE measurements attributable to particulate organic carbon (POC) show linear enrichment of heavy REEs relative to light REEs, reflecting remineralization from POC and complexation of heavy REEs to dissolved organic carbon (DOC) (Haley et al., 2004) . Conversely, measurements of fresh, labile organic matter in the sediments that had been isolated through an H 2 O 2 extraction have shown middle-REE enrichment (Freslon et al., 2014) . In the ferruginous zone of the sediments, where the respiration of organic matter continues through the reductive dissolution of Fe oxides, a characteristic middle-REE enriched signal in the pore fluids has been observed by several studies (Abbott et al., 2015; Du et al., 2016; Haley et al., 2004) . Although there has been some debate as to the mechanisms behind the middle-REE enrichment, Fe oxide phases isolated through hydroxylamine and dithionite extractions have shown similar middle-REE enrichments, suggesting that the pore fluid signatures in this zone are a direct consequence of Fe oxide dissolution (Abbott et al., 2016; Du et al., 2016) . In the methanogenic zone of the sediment column, dissolved REEs in the pore fluids take on a heavy-REE enriched pattern (Kim et al., 2012; SoyolErdene and Huh, 2013) . A recent study of methanotrophs in the Deepwater Horizon oil spill has demonstrated that light REEs (La, Ce, Pr, and Nd) are important cofactors in methanol dehydrogenase, providing a mechanism for a pore fluid signal depleted in light REEs relative to heavy REEs in methanogenic sediments (Shiller et al., 2017) .
For the CRISP sites, we measured the pore fluid signals at three different locations and from four different cores: Sites U1378/U1380 from the middle slope on the continental margin, Site U1381 from the incoming plate, and Site U1414, also from the incoming plate (Fig. F1) . We used a relatively novel sample preconcentration system (seaFAST2 from Elemental Scientific, Inc., Omaha, NE) with direct introduction to an inductively coupled plasma-mass spectrometer (ICP-MS) to measure REEs in these pore fluids.
Study sites
Site U1378 was drilled during Expedition 334 in the middle slope of the Costa Rica margin, ~38 km offshore the Osa Peninsula and 24 km from Caño Island (Fig. F1) . This location is situated above an unlocked portion of the plate boundary, as defined by interpolate earthquake relocation and geodetic measurements, and the upper plate sediment representing the older framework wedge is overlaid by ~750 m of slope sediments (LaFemina et al., 2009; Expedition 334 Scientists, 2012a; Vannucchi et al., 2016) . This older framework wedge, however, was not reached during drilling at Site U1378 or at complementary Hole U1380A because of unfavorable drilling conditions (Expedition 334 Scientists, 2012b). The sediment composition at Site U1378 is marked by a monotonous sequence of silty clay to clay alternating with widely interspersed centimeter-scale sandy layers. Hole U1380C was drilled during Expedition 344 as a complementary site to Site U1378. The goal for drilling Site U1380 was to reach the deeper portions of the upper slope sequence and underlying framework wedge sequences (see the Expedition 344 summary chapter [Harris et al., 2013a] ). The sediment recovered from this site was characterized by an alternating, terrestrially sourced, turbiditic upper slope to shelf sequence (see the Mid-slope Site U1380 chapter [Harris et al., 2013d] ). Given the complementary locations of Site U1378 and Hole U1380C, we combine the pore fluid data from the two sites to refer to general characterization of the Costa Rica upper slope.
On the incoming plate, Site U1381 was drilled in line with Sites U1378/U1380 to characterize the sediment and oceanic crust entering the seismogenic zone (Fig. F1) . The upper 50 m of Site U1381 is composed of a monotonous silty clay to clay sequence and is underlain by a sequence characterized by abundant biogenic components and reflecting pelagic sediments (see the Input Site U1381 chapter [Harris et al., 2013b] ). Site U1414 is also situated on the incoming plate but is ~1 km seaward of the deformation front offshore the Osa Peninsula and northwest of Site U1381 (see the Input Site U1414 chapter [Harris et al., 2013c] ).
Methods

Pore fluid sampling
Whole-round cores recovered, cut, and capped on the catwalk were taken to the shipboard laboratory. Samples collected between the seafloor and 50 meters below seafloor (mbsf) were processed in a nitrogen-filled glove bag to avoid oxidation of redox-sensitive elements. All other samples were processed under ambient atmospheric conditions. Cores were generally processed within 24 h of recovery and were kept capped in a nitrogen-filled environment at 4°C until processing. For pore fluid collection, after extrusion from the core liner the surface of each wholeround sample was carefully scraped with a spatula to remove potential contamination from seawater and sediment smearing. The sediment was then loaded into a titanium squeezer, modeled after the stainless steel squeezer of Manheim and Sayles (1974) , and subjected to pressures as high as 30 MPa but generally <20 MPa using a hydraulic press. As the sediment is pressurized and squeezed, pore fluid passes through a prewashed Whatman Number 1 filter and titanium screen into an acid-washed 60 mL plastic syringe attached to the bottom of the squeezer assembly. The pore fluid is then passed through an additional 0.2 µm Gelman polysulfone disposable filter and subsampled into acid-washed high-density polyethylene bottles. For trace-metal and REE analysis, the pore fluid samples were preserved with the addition of ultraclean HNO 3 to pH < 2 and stored at 4°C until analysis onshore.
REE concentration measurement
We measured pore fluid REE concentrations using the seaFAST2 system from Elemental Scientific, Inc., attached as the sample introduction unit to a Thermo X-Series II ICP-MS. The seaFAST2 system uses an ion exchange column with ethylenediaminetriacetic acid/iminodiacetic acid functional groups to selectively preconcentrate transition metals and REEs. An ammonium acetate buffer prepared as 14.5 M ammonium hydroxide and 17.4 M glacial acetic acid washes out the alkali and alkaline earth-matrix elements from the column. A solution of 2 M HNO 3 then elutes the REEs from the column and onto the ICP-MS for quantification. Of the alkali and alkaline earth elements, Ba 2+ is particularly problematic for the analysis of REEs because Ba 2+ can form oxides in the plasma that interfere with the signal of both 153 Eu and 151 Eu, Eu's two main isotopes. For the pore fluid samples in this study in particular, dissolved Ba 2+ averaged ~1.5 µM, although values could reach as high as 18 µM in some cases (see the Expedition 344 summary chapter [Harris et al., 2013a] ). Before the REEs can be accurately measured, the signal from Ba must be removed or corrected for in the measured Eu signals. The seaFAST2 system is well-suited to separating the Ba 2+ signals from REEs in seawater, thereby minimizing the potential of isobaric interferences from the formation of oxides (e.g., Hathorne et al., 2012; Yang and Haley, 2016) . The timing of the Ba 2+ peak during the elution step was closely monitored to ascertain that there was no significant contribution from BaO formation on the Eu peak. The ICP-MS instrument was tuned to minimize oxide formation in the plasma by monitoring the formation of CeO, which was measured and minimized to levels of <2% formation.
Analytical precision was monitored through replicate measurements (N = 19) of an in-house seawater standard (NBP1097) and was quantified with a relative standard deviation of <8% for all REEs except for Sm at 11%, Ce at 20%, and Gd at 22% (Table T1) . External reproducibility was monitored through replicate analyses (N = 10) of the PPREE1 acid mine drainage reference material diluted 10,000-fold to match the REE concentrations with that of seawater and pore fluid and found to fall within one standard deviation of the most probable values reported by Verplanck et al. (2001) (Table T1) . Detection limits were determined as three times the standard deviation of the blank signals and are listed in Table T1 . Average method blank levels were below these detection limits. Sample aliquots and instrument operating conditions for each analytical run are given in the "Appendix."
Results and discussion
We present the measurements of dissolved pore fluid REEs in Tables T2, T3 , and T4. To illustrate the downhole behavior of dissolved REEs as a series, we selected representative members of the light, middle, and heavy REE groups: La, Dy, and Yb, respectively. Downhole profiles of alkalinity, NH 4 + , and Ba 2+ in the pore fluids are shown to contextualize the dissolved REE profiles with the major geochemical characteristics of the sediment column (see the Expedition 344 summary chapter [Harris et al., 2013a] ). Dissolved concentrations of REEs are normalized to PAAS, and representative ratios of (Dy/La) N , (Yb/La) N , and (Yb/Dy) N , where N represents the normalized values, are shown to assess the degree the relative abundances of the light, middle, and heavy REEs to one another. Ratios of other representative members of the light, middle, and heavy REEs did not vary appreciably from the chosen ratios or affect interpretation. Ratios of a composite average of light, middle, and heavy REEs also did not diverge significantly from the interpreted results.
Sites U1378/U1380
REEs measured in pore fluids of the upper slope of Costa Rica show great variability in the upper 200 mbsf, with La ranging from 9 to 162 pM, Dy from 24 to 120 pM, and Yb from 29 to 145 pM ( Fig. F2A ; Table T2). REEs in this upper 200 mbsf interval also display relatively greater abundances of middle and heavy REEs over light REEs (Fig. F2B) . The highest normalized ratios occur at 24 mbsf, where (Dy/La) N is 41, (Yb/La) N is 190, and (Yb/Dy) N is 5. This sample depth also corresponds to the lowest concentrations of La and Dy in the upper 200 mbsf of the sediments. Yb concentration at this depth is 97 pM, which is significantly higher than La and Tb, accounting for the elevated ratios. What accounts for the low concentrations of light and middle REEs in this sample, especially relative to the surrounding samples, is less clear, but we cannot discredit the validity of this signal that is above our detection limits and within the reported error. Comparatively, ratios in the upper 200 mbsf, not including the 24 mbsf sample, average ~8 for (Dy/La) N , ~18 for (Yb/La) N , and ~2 for (Yb/Dy) N . Overall, normalized patterns of dissolved REEs in the upper 200 mbsf interval are characterized as increasing from light to heavy REEs (Fig. F2C) .
Deeper than 200 mbsf, REE concentrations distinctly decrease with depth in the core. In this interval, La decreases from ~100 to ~10 pM, Dy from ~10 to ~4 pM, and Yb from ~50 to ~2 pM (Fig. F2A) . The relative abundances of middle and heavy REEs over light REEs are elevated but less so than in the upper 200 mbsf interval (Fig. F2B) . Normalized ratios averagẽ 5 for (Dy/La) N , ~9 for (Yb/La) N , and ~2 for (Yb/Dy) N . Compared to the REE patterns of the upper 200 mbsf, the lower depths in the sediment at the slope site are relatively flat (Fig. F2C) .
Although there is no discernible correlation between REEs and NH 4 + or Ba 2+ throughout the entire core, a relatively strong relationship exists between REEs and alkalinity, particularly in the lower depths of the core (Fig. F3) . For pore fluid samples deeper than 200 mbsf, the R 2 values for a linear regression between REEs and alkalinity are 0.8886, 0.9807, and 0.9554 for La, Dy, and Yb, respectively. If we extrapolate these linear relationships to the interval shallower than 200 mbsf, the data show a net deficit relative to the alkalinity for La and Tb in a number of samples. By contrast, extrapolating the linear relationship for Yb shows a slight net surplus in the upper 200 mbsf.
Site U1381
On the incoming plate at Site U1381, the discernible characteristic of dissolved REEs in pore fluids is localized maxima in concentrations at ~20 mbsf for La, Dy, and Yb and increases, particularly in La concentrations, deeper than 80 mbsf ( Fig. F4A; Table T3 ). In the uppermost pore fluid sample from the upper 2 mbsf of the sediment, concentrations of light and middle REEs are elevated, with La = 192 pM, Dy = 43 pM, and Yb = 36 pM. Comparatively, in samples from 8 and 14 mbsf dissolved concentrations of La, Dy, and Yb average ~60, ~28, and ~46 pM, respectively. These dissolved REE concentrations reach local maxima of 193, 76, and 74 for La, Tb, and Yb, respectively, at ~20 mbsf before decreasing to averages of ~60, ~17, and ~20 pM between 40 and 80 mbsf. Deeper than 80 mbsf, concentrations of light and middle REEs are particularly elevated, averaging 273, 38, and 26 pM for La, Tb, and Yb, respectively, for the three samples measured in this interval.
Normalized REE ratios generally show greater abundances of middle and heavy REEs relative to light REEs throughout the core (Fig. F4B) . These ratios are relatively constant throughout the upper 80 mbsf, averaging ~3, ~8, and ~2 for (Dy/La) N , (Yb/La) N , and (Yb/Dy) N , respectively. An exception is the sample at 50 mbsf, which shows elevated ratios of 10, 41, and 4 for (Dy/La) N , (Yb/La) N , and (Yb/Dy) N , respectively. These elevated values may be an artifact of the relatively low concentrations of REEs because this particular sample records the lowest values for the entire core. For the three samples deeper than 80 mbsf, normalized ratios are the lowest in the core, averaging 2, 2, and 1 for (Dy/La) N , (Yb/La) N , and (Yb/Dy) N . These ratios are reflected in the overall normalized REE patterns, with the deepest samples plotting below samples from the upper depths of the sediment (Fig. F4C) . By comparison, REEs measured in the framework wedge of Site U1381 exhibit concentrations that are orders of magnitude greater than in the pore fluids and show moderate anomalies in the Eu signal and a relatively greater abundance of heavy REEs over light REEs (see Yan and Shi, 2016) (Fig.  F5) . Unlike dissolved REEs in the pore fluids of slope Sites U1378/U1380, no observable correlation exists between REEs and alkalinity at the incoming plate Site U1381.
Site U1414
At the second site on the incoming plate, Site U1414, dissolved REEs in the pore fluids are characterized by a general peak in concentrations in the upper 75 mbsf of the sediment and relatively low, constant values deeper than 75 mbsf (Fig. F6A, Table T4 ). In this upper 75 mbsf, REEs reach maximum values of 834, 223, and 207 pM for La, Dy, and Yb, respectively. Deeper than 75 mbsf, REE profiles are fairly constant, averaging ~25, ~10, and ~20 pM for La, Dy, and Yb. The exception to this profile are two samples at ~200 and ~250 mbsf, where La is 197 and 108 pM, respectively, Dy is 37 and 20 pM, and Yb is 38 and 20 pM. Normalized REE ratios indicate a greater abundance of heavy REEs, particularly centered around 100 mbsf (Fig. F6B) . In general, the deepest pore fluid samples in this core have the lowest normalized ratios and the flattest overall patterns, which is consistent with REEs at Sites U1381 and U1378/U1380 (Fig. F6C) . REEs measured in the framework wedge underlying these sediments are consistent with the framework wedge at Site U1381, showing orders of magnitude greater concentrations than the pore fluids, with moderate anomalies in the Eu signal and relatively greater abundances of the heavy compared to the light REEs (see Yan and Shi, 2016) (Fig. F5) .
REEs at Site U1414 show a general positive correlation with pore fluid alkalinity, although linear regressions are relatively weak, with R 2 values of 0.418, 0.529, and 0.672 for alkalinity correlations with La, Dy, and Yb, respectively (Fig. F7) . Pore fluid REEs also show a slight positive correlation with dissolved Ba 2+ , except in the Ba 2+ peak deeper than 300 mbsf (Fig. F8) . For the interval not including the Ba 2+ peak, the R 2 values for a linear regression between Ba 2+ and REEs are 0.4874, 0.6068, and 0.5611 for La, Dy, and Yb, respectively. The concentrations of Ba 2+ in this interval, however, is relatively low, with values between 0.5 and ~2 µM.
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